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The static measurement of hydrogen ion activity in body
fluids reflects complex interrelationships between a) the
dynamic balance between the rates of addition of hydrogen
ions to the fluids and their removal, and b) the physical
state and composition of the fluid which alters the activity
coefficient for Ht The addition of hydrogen ions to body
fluids results chiefly from metabolic processes whereby
neutral precursors (ingested foods or tissue stores) are
catabolized to yield acids as one end product of their
metabolism. Almost all oT the hydrogen ions which arise
when such acids dissociate are immediately removed by
reaction with extracellular and tissue buffers. This provides
a temporary defense with finite limits. The acute addition
of in excess of 15 mEq of acid/kg of body weight is lethal.
Ultimately, if as pertains in health, body composition is
to be held constant, these hydrogen ions must be eliminated
from the body and the buffer pairs restored to their normal
concentrations and concentration ratios.
Carbon dioxide constitutes one endogenously produced
"acid" because it is, in part, hydrated in body fluids to
yield H2C03. No significant route for CO2 elimination has
been identified other than the lungs where reversal of the
hydration process liberates CO2 for diffusion into the
alveolar spaces and disposal in the expired air. In health,
rapid adjustments in pulmonary CO2 elimination compen-
sate for variations in tissue CO2 production.
The remaining "non-volatile" or "fixed" acids generated
by metabolism are quantitatively excreted by the kidneys
in health. Net renal acid excretion is accomplished by a)
reclaiming all bicarbonate filtered across the glomeruli,
b) actively transporting H into the tubular urine where
it titrates filtered buffer pairs (such as HPO/H2PO) as
well as an additional buffer facultatively produced within
tubule cells (NH3—*NH).
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Recently, techniques have been devised to estimate the
endogenous rates of production of fixed acids. These
techniques are, of necessity, indirect, identifying end pro-
ducts of metabolism which, by biochemical reasoning, must
have been associated with hydrogen ion production or
consumption. The logic is similar to the use of nitrogen
balance as an estimate of protein turnover. This technique
has made it possible to examine whether the kidney always
constitutes the sole route for the elimination of fixed acids
from the body. Application of this approach to the study
of spontaneous and experimentally induced metabolic
acidoses has suggested that slow liberation of buffer anions
from bone mineral, and perhaps alterations in the net
absorption of "potential alkali" (salts of organic acids) by
the gut are also of importance. This review considers these
possibilities from the evidence of "acid balance" studies
and other supporting data.
The acid balance in health. When healthy subjects in
the normal steady state ingested a chemically defined neu-
tral liquid formula diet, two sources of endogenous acid
production were identified and the acid derived from these
sources appeared to be quantitatively excreted in the urine.
The addition of acids to the body fluids was postulated to
occur as the result of oxidation of neutral dietary sulfur,
present in methionine and cysteine, to inorganic sulfate,
and the incomplete combustion of protein, fat and carbo-
hydrate to organic acids with loss of the organic acid anions
in the urine. When acid production (taken as the sum of
urinary inorganic sulfate in mEq, and urinary organic
acid anions in mEq) was compared to urinary net acid
excretion (taken as the sum of urinary titratable acid plus
ammonium minus any bicarbonate escaping reabsorption,
in mEq) an apparent zero balance was struck: 0±7 SD
mEq/day in 27 studies in healthy male volunteers. No need
to invoke a regulatory role for the gut in the acid balance
was apparent [I].
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When whole food diets were employed, the problem of
estimating endogenous acid production became more com-
plex. In normal North American diets, dietary inorganic
cations (Ca+ + Mg+ + Na+, K+) exceed dietary inorganic
anions (Cl, and phosphorus with an assumed valence of
1.8) by approximately 70 mEq/day or one mEq/kg/day,
identifying an excess of organic anions which could be
combusted to HCO and thus represents "potential base".
Similarly, the feces of subjects ingesting whole food diets
also contain an excess of inorganic cations over inorganic
anions of about 35 mEq/day or 0.5 mEq/kg/day and pre-
sumably identify the loss of "potential base" in the stools
[2]. Clearly the arbitrary assignment of a mean valence of
1.8 to phosphorus in diet and stool was not validated by
any direct chemical measurements. In the diet, assigning
this valence to phosphorus takes into account the fact
that if the true valence were higher or lower, phosphorus
would, respectively, bind or liberate hydrogen ions on
digestion and equilibration with body fluids (e.g., pH 7.40
in extracellular fluid) as shown in Table 1. In feces any
estimate of the valence of phosphorus is far less secure.
The feces, are a heterogeneous mixture of cells (bacterial,
dietary and intestinal epithelial), fibers, a fluid phase and
a variety of insoluble precipitates. It has been estimated
that about one-third of the mass of normal feces consists
of bacteria. Wrong and co-workers have found that only
about five % of fecal phosphorus is dialyzable [3]. Thus
95% of fecal phosphorus must be either within cells or
precipitated with calcium and magnesium. It is likely, there-
fore, that the mean valence of phosphorus in stool is thus
greater than 1.8 and less than 3. The mean valence of phos-
phorus in the feces probably varies from time to time and
from person to person. In terms of the calculation of acid
balance however, assigning phosphorus the same valence
in feces as is assigned for the diet also automatically takes
into account any quantities of H+ which would have been
liberated or bound if the valence of phosphorus changed
during transit through the gut (Table 1). Thus, normal
adults ingesting a variety of diets appear to be in acid
balance when phosphorus is assigned a valence of 1.8 in
both diet and stool. Acid production (urinary SOZ +
0A — [diet unmeasured anions — stool unmeasured
anions])=renal net acid excretion (TA+NH —HCOfl
[2].
Table 1. Theoretical effects of alterations in the valence of phosphorus (P) in diet and stool on the estimation of net fixed acid
productiona
Calculated Calculated Net 0. A. H added W added to Sum of Total true
diet 0. A.b fecal 0. A. absorbed to body body fluid changes in change in
(reduction in fluid from from unabsor- H added calculated
net acid absorbed P bed (fecal) P (increase in net acid
production) net acid production
production)
mEq tnEq mEq mEq mEq mEq mEq
Valence ofF
1.8 in diet 68 40 28 0 0 0 —28
and stool
Valence of P
1 .0 in diet 100 48 52 24 0 24 —28
and stool
Valence ofF
3.0 in diet 20 28 —8 —36 0 —36 —28
and stool
Valence ofF
1.0 in diet 100 40 60 24 8 32 —28
and 1.8 in stool
Valence of P
1.0 in diet 100 28 72 24 20 44 —28
and 3.0 in stool
Valence ofF
1.8 in diet 68 28 40 0 12 12 —28
and 3.0 in stool
Valence of P
3.0 in diet 20 48 —28 —36 —20 —56 —28
and 1.0 in stool
a Calculated on the basis of the following: Daily diet composition: cations 300 mEq, Cl 160 mEq, P40 mM; Mean daily stool com-
position: cations 60 mEq, Cl 2 mEg, P 10mM.b 0. A.= organic anions (actual or potential bicarbonate).
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Alterations in fecal composition during experimental aci-
dosis. During NH4C1 acidosis in normal human subjects
eating constant whole food diets, we observed that fecal
unmeasured anions fell significantly during the induction
of acidosis [4]. The magnitude of this decline was inversely
proportional to renal net acid excretion, returning to control
as renal ammonium excretion rose to and stabilized at high
rates. The fact that fecal composition returned to control
during stable acidosis suggests that, if the gut plays a role
in defense against induced acidosis, it is a transient one.
Furthermore, in quantitative terms, the reduction in fecal
loss of potential base in these studies accounted for the
disposition of less than three% of the cumulative acid load.
The studies of Camien and Gonick in rats also suggest that
fecal organic anion content declines during acid loading [5].
Kildeberg, Engel and Winters [6] in acid balance studies of
growing infants found that the net absorption of organic
anions from the gut constituted the largest single compo-
nent of net acid balance and they observed a strong cor-
relation between dietary and fecal organic anion content.
They suggested that the gut may play an active role in the
regulation of acid-base balance. We are unaware, however,
of data as to whether facultative alteration in rates of fecal
excretion of potential bake play a role in regulation of
systemic acid-base balance in healthy adults when blood
pH and serum bicarbonate concentration vary over only
narrow ranges, and we are not convinced that chronic
acid-base disturbances effect compensatory alteration in
fecal composition. Nevertheless, the uncertainties of the
methods and the potential significance of small changes in
stool composition projected over prolonged periods of time
suggest that this is a possible homeostatic mechanism
worthy of additional investigation. Techniques that would
permit precise identification and quantitation of the
chemical states of phosphorus in the various fractions of
the feces or precise quantitation of all organic anions in
all fecal fractions would appear to be required.
The role of bone in the defense against metabolic acid-base
disorders
Evidence from acid balance studies, It has been shown
by the acid balance technique that growing infants are in
negative acid balance, presumably due to deposition of
base in bone and new body water [6]. The skeleton of the
average adult contains approximately 50,000 mEq of cal-
cium as salts which are alkaline with reference to body
fluids. It was thus logical to consider that the slow release
of alkaline mineral salts from bone could provide a quanti-
tatively important source of base. This possibility was
particularly attractive because of the demineralization of
the skeleton occurring during states of chronic metabolic
acidosis as in patients with renal tubular acidosis and
chronic azotemic renal disease. Furthermore, it had been
shown by Schwartz et al [7] that patients with chronic
renal disease and severe impairment of renal acid excretion
ultimately stabilize their blood pH and serum bicarbonate
concentrations at some reduced level despite ingestion of
diets comparable to those eaten by normal subjects. This
raised the possibilities that patients with renal disease either
reduced their rates of endogenous fixed acid production
or developed some additional mechanism for acid elimina-
tion from body fluids. Acid balance studies in patients with
chronic renal disease utilizing the liquid formula diet
showed that rates of acid production did not differ from
those observed in healthy subjects eating the same diet but
that rates of renal acid excretion were significantly less.
Thus, the patients appeared to be in chronic positive acid
balance despite stable, but reduced blood pH and serum
bicarbonate levels [8]. It was shown that this phenomenon
depended upon the presence of acidosis and not other
disturbances related to chronic azotemia since a) acid
balance was indistinguishable from zero when acidosis in
these patients was fully corrected by ongoing NaHCO3
therapy [8], and b) continuous positive acid balances could
be induced in normal subjects during periods of chronic
stable NH4CI acidosis [9].
Subsequent studies using normal whole food diets showed
that the quantity of acid retained during induced NI-14C1
acidosis in normal subjects was matched on an equivalent
basis by negative calcium balances [4]. We suggested that
this could represent slow liberation of the carbonate salts
of bone. In studies of patients with chronic azotemic renal
disease we noted small but significant daily losses of
calcium from the body during periods of stable acidosis but
return of daily calcium balance to zero when the acidosis
was corrected [10]. Although the quantities of calcium lost
during acidosis in these patients, approximately 4 mEq/day,
were less than the estimated quantities of acid retained,
approximately 12 mEq/day, subsequent data regarding
alterations in bone composition in azotemic patients may
offer an explanation as discussed below.
Evidence from morphological and chemical alterations in
bone. Several studies have demonstrated thinning of the
bones and loss of bone carbonate along with negative
calcium balance during metabolic acidosis in animals
[11—14]. Pellegrino and Biltz [15] demonstrated significant
losses of calcium and carbonate from the bones of patients
with uremia which were proportional to the duration of
the disease, and hence also presumably to the duration of
acidosis. They proposed that this represented liberation of
a separate calcium carbonate phase leaving the apatite
phase intact. Kaye, Frueh, and Silverman [16] confirmed
that a reduction in bone carbonate occurs in chronic renal
failure but demonstrated that this resulted from a carbonate-
phosphate interchange within the apatite crystal rather
than by the loss of a separate calcium carbonate phase.
The properties of the apatite crystals from normal bone
and from uremic bone were identical to those found in
synthetic apatites formed from a bicarbonate-containing
and a bicarbonate-deficient medium, respectively. These
findings could explain the continuing buffering of hydrogen
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ions by bone salts even in the absence of negative calcium
balances. If phosphate were derived from HP0/H2P0
in extracellular fluid at pH 7.40 and deposited as P0 in
bone, 1.2 mEq of H would be liberated per millimole P0
deposited. if, to satisfy charge equilibrium, three mmoles
of carbonate were liberated for every two millimoles P0
deposited, the net effect would be the addition of 1.2 mEq
of base to extracellular fluid per millimole of carbonate
released from bone:
15 Cajo(P04)6 CO3 8 Na2 HPO4
carbonate apatite + 2NaH2PO,4 +3 C02+3 H20
50 Ca3 (P04)2
- +18NaHCO3.carbonate deficient mineral
Since the alteration in the composition of bone mineral is a
function of duration of azotemia, such exchanges could
result in a continuing source of base and could account for
the discrepancies between the apparent acid retention and
the calcium losses observed in our acid balance studies [10].
In support of these experimental and theoretical considera-
tions indicating that chronic metabolic acidosis may result
in progressive osteodystrophy, several clinical studies of
patients with renal tubular acidosis have demonstrated
radiographic healing of the bones after prolonged alkali
therapy alone [17—20].
Possible mechanisms by which metabolic acid-base disorders
affect bone. It has been demonstrated in vitro that the
carbonate content of apatites precipitated from synthetic
solutions [16] or deposited in rachitic cartilage [21] varies
directly with the carbonate content of the fluid phase.
Kaye's observation [161 of the substitution of phosphate
for carbonate in bone mineral from patients with chronic
azotemic renal disease is consonant with these findings
since in such patients serum bicarbonate levels are reduced
and serum phosphate levels are raised. The composition
of bone mineral in states of chronic metabolic acidosis
without azotemia, such as renal tubular acidosis, where
serum phosphate levels are, if anything, reduced has not
been studied to our knowledge. However, in experimental
NH4CI acidosis in animals, which produces comparable
changes in intracellular fluid composition, there appears
to be loss of a separate labile carbonate phase of bone
[12, 14].
In chronic experimental NH4CI acidosis in rats, increased
resorption of both bone mineral and matrix occurs, leading
to osteoporosis [13, 221. By contrast the characteristic bone
lesion in spontaneous human renal tubular acidosis is
osteomalacia, suggesting either a species difference or in-
volvement of other mechanisms.
Possible direct effects of metabolic acid-base disorders on
bone cell function have not yet been fully examined. Culture
of embryonic bone in alkaline media, achieved by raising
the bicarbonate concentration of the fluid, inhibits para-
thyroid hormone-induced bone resorption whereas acidi-
fication of the medium does not alter the effect of para-
thyroid hormone [23].
It is not yet clear whether or not acidosis directly alters
other control mechanisms which regulate bone formation
and/or bone resorption. Elevations of serum irnmuno-
reactive parathyroid hormone have been reported during
experimental acidosis in man [24, 25]. On the other hand,
serum levels of parathyroid hormone fall during acute aci-
dosis in sheep [26]. The possibility that metabolic acidosis
might alter vitamin D metabolism or the effects of the
metabolically active form of the vitamin remains to be
evaluated.
Reprint requests to Dr. Jacob Lemann, Jr., Department of
Medicine, The Medical College of Wisconsin, Milwaukee County
General Hospital, 8700 West Wisconsin Ave., Milwaukee,
Wisconsin 53226, U.S.A.
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